Instantaneous heart rate was recorded in five patients and analysed for change in rate using the criterion of percentage variation either side of the starting rate with resetting throughout the anaesthetic each time the permitted variation was exceeded. The number of occasions on which change occurred was counted, the patterns of change were analysed and the effect of two sampling methods (six-second sample and six-second average) on these patterns was compared. A large number of patients (131) was investigated using the six-second sampling method and the number of changes and patterns of change were evaluated. It is suggested that the six-second sampling technique, combined with the 10 or 15 % variation, may be useful for the evaluation of vigilance, and has implications for the design of monitoring apparatus in the future.
and the factors that impair it. In a review of this literature, Paget, Lambert and Sridhar 3 found that very little work had been done directly relating to anaesthetists, but concluded that most of the findings about vigilance would apply to an anaesthetist. Beatty, Ahern and Ka tz, 4 comparing indi vid ual trainee anaesthetists before and after sleep deprivation, found a variable response to the vigilance task, but a consistent impairment of complex reasoning. Bruce and Bach,S using a group of medical students, have shown that both vigilance and the chaining functions of the brain (which are involved in reasoning) were impaired by exposure to trace concentrations of anaesthetic agents. Impairment of these functions may make the anaesthetist prone to error. Cooper et al., 6 using critical incident analysis to study anaesthetic mishaps, showed that about 70070 of all incidents examined were due to human error and that boredom, inattention or fatigue were described in about a quarter of these. Failure to detect a change in a physiological variable was a factor in some of these incidents.
Unfortunately, there is no consensus as to what constitutes significant change in a physiological variable that is relevant to anaesthesia. Until some such definition can be achieved, it is not possible to evaluate vigilance since it is not possible to enumerate the occasions on which an anaesthetist fails to detect change.
This study investigates one approach to this problem by defining a significant change in heart rate during anaesthesia as variation outside fixed assigned percentage limits (i.e. heart rate ± x OJo), analysing the heart rate offline using this definition, and then counting the number of changes that resulted. It also examines the effect of sampling the heart rate to see how this could affect the number, and pattern, of defined changes. DESIGN The heart rate just prior to induction of anaesthesia was taken as the starting value for each patient. The heart rate was allowed to vary by up to a stated percentage on either side of this value without the rate being said to have changed (Figure 1 The initial value for heart rate sets the first band width. A change is noted as soon as the rate passes the upper or lower limit of permitted variation (Change I). The first value after the limit has been crossed is now taken and used to define new limits around this value (first Reset Value). The process is repeated throughout the anaesthetic. Once the limits of the 'envelope' around the initial value had been exceeded then a change was said to have occurred. The first value to exceed the original envelope was now used as the starting point for a new band within which variation was allowed until the ± 10OJo envelope around this new rate had been crossed. At this point a further change was marked and the process repeated until the end of the anaesthetic. Using this technique the number of changes that occurred in an anaesthetic was determined and analysed in the manner described below.
The study was divided into two parts. A small pilot study on five patients was done to validate the technique and then a larger series was done on 131 patients using one of the methods of analysis from the pilot study to delineate the patterns of change in rate during anaesthesia. Using a Hewlett Packard system consisting of an 8811 A preamplifier, 8812A rate computer, 77 58A recorder, and a standard four-limb lead system, an ECG was obtained and analysed for beat-to-beat variation of heart rate. The rate computer was calibrated from 0 to 250 beats per minute against an electric standard before and after each recording. Measurement of beat-to-beat variation (instantaneous rate) involved the measurement of the R-R interval, this value being converted into the equivalent rate in beats per minute for each pair of beats. This method was used for both studies.
PILOT STUDY
Heart rate was recorded in five patients who were selected because it was anticipated that they would exhibit considerable fluctuations in heart rate during anaesthesia. Four were healthy women, three of whom had a laparoscopy and one of whom had a caesarean section, and it is known that these procedures often result in cardiac instability. The fifth patient was a 76-year-old male whose heart rate was known to be unstable since he was in atrial fibrillation.
Data from the five patients were recorded at a paper speed of 50 mm/min, a speed which allowed sufficient information to be obtained from the ECG trace to validate changes in heart rate as being due to real alteration and not artefact. The output of the instantaneous heart rate computer was recorded synchronously on the same chart recorder and the graph so produced was analysed by hand. Doubtful portions of the trace were resolved by the ECG record. When no decision could be reached, or when there was movement artefact or other interference, a missing value was assigned. Errors When the instantaneous heart rate was derived by hand from the trace, there was a maximum possible measurement error of ± 0.25 mm for any point, which represented a potential error of ± 1.25 beats/min for any given reading.
Methods of analysis (a) Instantaneous rate
The instantaneous rate for each beat was determined and the results were fed into a Burroughs B6700 computer by hand. Using limits of variation of plus or minus 8, 10, 12, 15 and 20 per cent, the number of changes and the interval between changes for each percentage was computed. (b) Six-second sample A sample of the instantaneous rate was obtained at six-second intervals. These values were analysed at the same percentage variation and in the same way as in (a). (c) Six-second average The average rate over each six-second period defined in (b) was calculated, and then analysed in the same way as in (a).
Results
A total of 18,333 data points was counted for the five patients in the pilot study. The number of missing values was 212 (1.2%). Tables 1 and 2 show the clinical information about these patients. Table 3 shows the number of occasions on which defined change occurred for each of the four healthy patients in sinus rhythm when the instantaneous rate, the six-second sample, and the six-second average methods of analysis were compared at each percentage. Table 4 gives the average number of changes for these four patients. Table 5 presents the average length of time between changes for each of these patients. The average time between changes (change interval) is the duration of each anaesthetic divided by the number of changes as shown by the following formula. Average change interval (min) = duration of anaesthetic (min) number of changes per anaesthetic The sum of the average change interval for these patients at the various percentages is shown in Table 6 .
The average change interval for the group is the sum of the change intervals divided by the number of patients.
Average change interval for the group (min) = sum of the change intervals (min) number of patients showing change
Pattern analysis of the pilot study Table 3 lists the number of changes counted using the different methods of analysis.
Both the sampling and the averaging techniques reduce the number of occasions on which change is recorded compared with the instantaneous rate. Patients 1 and 2 were relatively stable and there was no difference between the sampling and averaging methods.
Patients 3 and 4 showed considerable instability and there was a difference between the sampling and the averaging analyses both in the number of defined changes and in the pattern of change. In particular, patient No. 3 had a sixfold reduction in the number of defined changes when the instantaneous rate analysis was compared with the six-second sample and a tenfold reduction when compared with the averaging technique (See Table 3 ). The short interval between changes for this patient was mainly attributable to a period of variable rate junctional rhythm about half-way through the anaesthetic (see Table 4 ). Figure 2a shows the pattern of change after analysis of the instantaneous rate using ± 10070 variation for patient No. 3. The six-second sample pattern is seen in Figure 2b which is similar to that of the instantaneous rate, though with fewer changes. Figure 2c shows smoothing of the pattern of change by the averaging method with a further reduction in the number of changes noted compared to the instantaneous rate. 
MAIN STUDY

Methods
One hundred and thirty-one patients were randomly selected from the operating lists at the Queen Victoria Medical Centre. Their basic clinical data are shown in Table 7 . As a result of the pilot study, the six-second sample method was used during analysis of the instantaneous heart rate trace and the 10, 15 and 20070 limits of variation applied to that method. The justification for rejecting the averaging method and the 8 and 12070 limits of variation is to be found in the Discussion.
The data were obtained and analysed from the same system as that for the pilot study, but the paper speed was reduced to 10 mm/min.
Results
Table 8 shows the average change interval at the three percentages. Table 9 displays the average change interval for the first 10 minutes of each anaesthetic compared with the change interval for the rest of the anaesthetic. In order to make decisions about the conduct of an anaesthetic, anaesthetists check physiological variables frequently during an anaesthetic. This process involves selection of the information coming from the patient, making a decision about its cause and relevance, and then altering (or not altering) the anaesthetic accordingly. Part of this process includes the recognition that a change has occurred, yet the question as to what constitutes significant change is one that all anaesthetists can answer intuitively but few can define. The paper by Cooper et al. 6 has shown that anaesthetists are not always alert and do Note: The number of valid cases given as information on change intervals is lost when anaesthetic procedures are short (i.e. less than ten minutes) or no alerts occur in the time.
not always appreciate change and for this reason it seemed appropriate to analyse one physiological variable to see if any insight could be gained into what might serve as a basis for defining change that would be of value in clinical practice. The definition of change used in this study was chosen after consideration of the common electronic methods of monitoring heart rate, the physiological changes in heart rate, and research methods that have been used to evaluate change in heart rate in other studies. Electronic methods of monitoring Two common methods of monitoring heart rate are the pulse meter and the ECG machine. Both systems give an audible, omnidirectional beep coincident with the pulse wave or R wave respectively. This provides information about beat-to-beat variation in heart rate, and the anaesthetist usually keeps one ear attuned to the sound. Changes in rhythm are readily appreciated, provided that the anaesthetist has not been distracted, though slower change in rate may not be so easily detected.
Physiological changes in heart rate
As has been stated heart rate varies from beat to beat. This is a normal physiological pattern for any negative feed-back system. Such fluctuations are small and frequent, and are unlikely to influence the decision-making processes of an anaesthetist so that any definition of change in heart rate likely to be useful in clinical practice should exclude such minor changes.
Another physiological phenomenon which has a wider variation is the change in heart rate produced by respiration-sinus arrhythmia. In one study of change in heart rate after suxamethonium in children, sinus arrhythmia was used to define the amount of change that was permitted before suxamethonium was implicated as the cause.? This method would not be acceptable as a definition of significant change for all age groups since it is usually only seen in children and fit, healthy adults.
Research methods previously used
Other investigators into change in rate after suxamethonium have used a change of plus or minus a stated number of beats/min, 8 or plus or minus a stated percentage around the presuxamethonium heart rate to determine the normal range against which to evaluate the maximum change following this drug,9 and both of these methods have been shown to be useful in this field of clinical research. At the other extreme, in their study on the effect of sleep deprivation on vigilance, Beatty, Ahern and Katz used a visual, digital display of heart rate with a normal range of 60-100 bpm, and a single step variation was made to either 30 or 150 bpm. This seems too rapid and too wide for most of the variations seen during anaesthesia and is more akin to the alarm conditions often set on heart rate monitors.
Of the above possibilities, those used for the analysis of heart rate change after suxamethonium appeared to be closest to the clinical range. The fixed percentage method was chosen, modified to allow continuous reassessment of any changes in heart rate that might occur during anaesthesia, and then applied to the analysis of heart rate in order to determine how frequently change occurred.
The pilot study demonstrated that this method allowed the number of occasions on which defined change occurred during an anaesthetic to be counted. The analysis of the traces suggested that these changes had two major patterns: firstly, isolated change indicative of a trend or an occasional extrasystole; and secondly, change occurring in clusters, usually related to events that were provoked by the anaesthetist (e.g. by intubation or drug administration), the surgeon (e.g. visceral traction) or by persistent arrhythmia. Figure 2a gives examples of these patterns. The first five minutes show the clustering of changes in heart rate during induction of the anaesthetic. The gross instability of the trace between 15 and 20 minutes, caused by the period of variable rate junctional rhythm, is another example of the cluster type of change. Such an occurrence demands that a cause be found for the problem. The anaesthetist should be kept informed that the problem is continuing until it has been resolved.
The gradual return from the post-induction tachycardia to a slower rate is an example of a trend. In this instance, it is sufficient that the rapidity and extent of the changes be noted since they are readily explained by induction and intubation and the trend back towards a slower rate is consistent with the usual rate of recovery from these events. Nevertheless this is information of which the anaesthetist should be cognisant.
The pilot study also showed that the frequency of change was high (varying between 1 and 3 per minute) when the instantaneous rate was analysed. This frequency would be too high in clinical practice because it would be distracting, particularly if several physiological variables were changing and also generating alerts. Because of this, two different techniques were used for analysis to see if the frequency of provision of information could be reduced without deforming the patterns of change. The first two patients in the study showed that there was no difference between these methods, but in patient No. 3 there was a major difference, with patient No. 4 showing a small difference. The graphs in Figure 2 show the pattern of change in the third patient. A comparison of Figures 2a and 2b shows that very little information about the pattern of change was lost as a result of the six-second sample method, and the rate of reporting of change was reduced sixfold to one change every two minutes. By averaging the rate from the previous six seconds of trace (Figures 2a and  2c) , the change interval was lengthened to nearly three minutes, and there was a tenfold reduction in the number of changes reported, but there was also considerable smoothing of the curve to such an extent that early warning of the junctional rhythm was lost. The study by Zollinger, Kreul and Schneider, 10 who compared automated anaesthetic records with those generated manually by the anaesthetist, demonstrated that anaesthetists tend to smooth out changes in physiological data or else fail to record them at the time and fill them in retrospectively from memory -a process which is often fallacious. This suggests that the averaging method of analysis could accentuate the smoothing process that Zollinger et al. ID reported as being characteristic of manual recording and major deformation of the pattern of change could occur if this method of assessing change were used. It was for these reasons that the six-second sampling method was chosen for the main study.
The number of defined changes generated at 8OJo variation was high with all methods of analysis and the 12OJo variation did not appear to offer any advantages over the other Anaesthesia and Intensive Care, Vol. 13, No. 2, May, 1985 percentages, and so these two values were discarded for the main study.
Not all patients are as easy to analyse as the first four. Figure 3 shows the results of analysis of a small portion of the trace from patient No. 5 who had atrial fibrillation. All of the techniques used break down in this instance. One technique which may be of value for this problem is that of setting limits on either side of the 'normal' pattern of variation obtained preoperativeiy from such a patient. In the Main Study, apart from the occasional extrasystole which was revealed only by the instantaneous rate trace, a comparison between the six-second sample and the instantaneous rate suggested that no major interference with the presentation of the pattern of change had occurred. The comparison of the average change interval for the first 10 minutes of each procedure with that for the remainder of the anaesthetic showed the clustering of change associated with induction (Table 9 ).
There was a reduction in the number of changes seen compared with the pilot study. The average change interval was much longer at all percentages in the main study (3.5 to 12 min) which was not surprising since the patients in the pilot study were selected because they were thought likely to exhibit frequent change. Two of the patients in the larger series also had atrial fibrillation and one of them accounts for the very low minima seen in the range of average change interval at all percentages of permitted fluctuation. Some patients were classified as having no defined change during their anaesthesia. This is of no concern provided that the limits of tolerance have been set appropriately but there is a suspicion that the 20070 variation may be too wide a range, whereas the sampling technique with either 10 or 15% limits appears to offer a method for evaluating change that could be useful clinically.
Implications
Future research is needed to investigate what change in a physiological variable causes an anaesthetist to make a decision that will influence the course of an anaesthetic and to see whether or not this method can be used to compare change as perceived by the anaesthetist with that occurring in the patient. When the limits of performance of the anaesthetist at detecting change have been delineated, and if it can be shown that these limits are relevant to clinical practice, then it should be possible to improve on the design of apparatus for the monitoring of heart rate.
Such a heart rate meter should be able to offer the anaesthetist an early warning signal that a change has occurred without distracting him from his task, and to meet these requirements, the signal should be discrete and quite different from an alarm yet reflect the true pattern of change. It would be useful to take the existing omnidirectional beep of the pulse monitor and add to it a warning tone and an alarm tone. There would need to be the facility to set the permitted variation as well as alarm limits. The rate meter should incorporate a mechanism whereby the anaesthetist has to respond to the device and notify it that an alert has been noted (akin to the 'dead-man's handle' of the train driver) and if, for example, four such alerts all going in the one direction pass without a response, then an alarm should sound as well.
Such principles could then apply to other physiological variables and the logical development of this process is to have a central information panel placed in the central field of vision of the anaesthetist which receives the information from all the monitors, akin to the Boston prototype.!! This panel should function as a master alarm with separate enunciators for the different variables.!2 Such a panel could work on the traffic lights principle: green is safe; amber is warning; and red is danger. The amber condition would be associated with the alert tone and red with the alarm. In this way, the number of places the anaesthetist has to look for information, and the variety of noises to which he is subjected, would be reduced and the flow of useful information improved. In this way his vigilance would be improved and his task made easier as modern microcomputers make such developments entirely feasible. CONCLUSION Analysis of the instantaneous heart rate by using either ± 10% or ± 15070 variation with continual resetting each time the band is exceeded, combined with a six-second sampling technique, allowed retrospective quantification of the number of occasions on which change occurred during anaesthesia. The pattern of change was similar to that obtained from the instantaneous rate, but the time between changes was lengthened. It seems likely that the rate of provision of information using this technique is such that vigilance would be enhanced rather than impaired.
Further work is required to see if the application of this principle can be used for the evaluation of vigilance in clinical practice or may provide the basis for redesign of monitoring apparatus.
